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(57) ABSTRACT

The present mvention relates to novel expression cassettes
and expression vectors, comprising three nucleic acid
sequences for araA, araB and araD), each coding for a
polypeptide of an L-arabinose metabolic pathway, in particu-
lar, a bacterial L-arabinose metabolic pathway. The invention
particularly relates to expression cassettes and expression
vectors, comprising codon-optimised nucleic acid sequences
for araA, araB and araD). The invention further relates to host
cells, 1n particular modified yeast strains containing the
expression cassettes or expression vectors and expressing the
polypeptides for the L-arabinose metabolic pathway, 1n par-
ticular, for the bacterial L-arabinose metabolic pathway.
When using these modified host cells, arabinose 1s more
cifectively fermented by these cells, in particular into ethanol.
The present invention 1s therefore relevant, inter alia, 1n con-
nection with the production of biochemicals from biomass,
such as bioethanol for example.
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VECTOR WITH CODON-OPTIMISED GENES
FOR AN ARABINOSE METABOLIC

PATHWAY FOR ARABINOSE CONVERSION
IN YEAST FOR ETHANOL PRODUCTION

This application 1s a National Stage Application of Inter-
national Application Number PCT/EP2008/002277, filed
Mar. 20, 2008; which claims priority to German Application
No. 10 2007 016 334.1, filed Apr. 5, 2007, which are 1ncor-
porated herein by reference in their entirety.

The present invention relates to novel expression cassettes
and expression vectors, comprising three nucleic acid
sequences for araA, araB and araD, each coding for a
polypeptide of an L-arabinose metabolic pathway, in particu-
lar, a bacterial L-arabinose metabolic pathway. The invention
particularly relates to expression cassettes and expression
vectors, comprising codon-optimised nucleic acid sequences
for araA, araB and araD). The invention further relates to host
cells, 1n particular modified yeast strains contaiming the
expression cassettes or expression vectors and expressing the
polypeptides for the L-arabinose metabolic pathway, 1n par-
ticular, for the bacterial L-arabinose metabolic pathway.
When using these modified host cells, arabinose 1s more
clfectively fermented by these cells, 1n particular into ethanol.
The present invention 1s therefore relevant, inter alia, 1n con-
nection with the production of biochemicals from biomass,
such as bioethanol thr example.

BACKGROUND OF THE INVENTION

The beer, wine and baking yeast Saccharomyces cerevisiae
has already been used for centuries for the production of
bread, wine and beer owing to 1ts characteristic of fermenting,
sugar to ethanol and carbon dioxide. In biotechnology, S.
cerevisiae 1s used particularly 1 ethanol production for
industrial purposes, 1n addition to the production of heterolo-
gous proteins. Ethanol 1s used 1n numerous branches of indus-
try as an mitial substrate for syntheses. Ethanol 1s gaining
increasing importance as an alternative fuel, due to the
increasingly scarce presence of oil, the rising o1l prices and
continuously increasing need for petrol worldwide.

In order to produce bioethanol inexpensively and effi-
ciently, the use of lignocellulose-containing biomass, such as
for example straw, waste from the timber industry and agri-
culture and the organic component of everyday household
waste, presents itsell as an 1nitial substrate. Firstly, said bio-
mass 1s very convenient and secondly 1s present in large
quantities. The three major components of lignocellulose are
lignin, cellulose and hemicellulose. Hemicellulose, which 1s
the second most frequently occurring polymer atter cellulose,
1s a highly branched heteropolymer. It consists of pentoses
(L-arabinose, D-xylose), uronic acids (4-O-methyl-D-glucu-
ronic acid, D-galacturonic acid) and hexoses (D-mannose,
D-galactose, L-rhamnose, D-glucose) (see F1G. 1). Although,
hemicellulose can be hydrolized more easily than cellulose,
but 1t contains the pentoses L-arabinose and D-xylose, which
can normally not be converted by the yeast S. cerevisae.

In order to be able to use pentoses for fermentations, these
must firstly enter the cell through the plasma membrane.
Although S. cerevisiae 1s not able to metabolize D-xylose, it
can uptake D-xylose into the cell. However, S. cerevisiae does
not have a specific transporter. The transport takes place by
means of the numerous hexosetransporters. The affinity of the
transporters to D-xylose 1s, however, distinctly lower than to
D-glucose (Kotter and Cinacy, 1993). In yeasts which are
able to metabolize D-xvylose, such as for example P. stipitis,
C. shehatae or P. tannophilus (Du Preez et al., 1986), there are
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both unspecific low-affinity transporters, which transport
D-glucose, and also specific high-aiflinity proton symporters
only for D-xylose (Hahn-Hagerdal et al., 2001).

In earlier experiments, some yeasts were found, such as for
example Candida tropicalis, Pachysolen tannophilus, Pichia
stipitis, Candida shehatae, which by nature ferment L-arabi-
nose or can at least assimilate 1it. However, these yeast lack
entirely the capability of fermenting L-arabinose to ethanol,
or they only have a very low ethanol yield (Dien et al., 1996).
Conversion of L-Arabinose

In order for the pentose L-arabinose to be metabolised by .S.
cerevisiae, 1t must enter into the cell via transport proteins and
be converted to the metabolite D-xylulose-5-phosphate in
three enzymatic steps. These three enzymatic steps may be
made available to the yeast by heterologously expressed
genes. D-xylulose-5-phosphate functions as an intermediate
of the pentose phosphate pathway and can be decomposed
turther to yield ethanol under anaerobic conditions 1n the cell
(see FIG. 2).

Becker and Boles (2003) describe the engineering and the
selection of a laboratory strain of S. cerevisiae which 1s able
to use L-arabinose for growth and for fermenting 1t to ethanol.
This was possible due to the over-expression of a bacterial
[-arabinose metabolic pathway, consisting of Bacillus subti-
lis AraA and Escherichia coli AraB and AraD and simulta-
neous over-expression of yeast galactose permease transport-
ing [-arabinose in the yeast strain.

Molecular analysis of the selected strain showed that the
predetermining precondition for a use of L-arabinose 1s a
lower activity of L-ribulokinase. However, inter alia, a very
slow growth 1s reported from this yeast strain (see FIG. 2).

So far, 1t was only possible to express the native genes of
bacternial arabinose metabolic pathways that are essential for
metabolising arabinose 1 S. cerevisiae on single plasmids or
to integrate them individually 1n the yeast genome, respec-
tively (Karhumaa et al, 2006). This means that each yeast
transformant with a functional arabinose metabolic pathway
contained at least three plasmids or the genes integrated into
the rDNA locus (Becker and Boles, 2003; Karhumaa et al,
2006).

The presence of the genes on different plasmids 1s associ-
ated with a number of disadvantages. On the one hand, plas-
mids that are present simultaneously represent additional
stress for the yeast cells (“Plasmid stress”, Review of E. coli
by Bailey (1993)). On the other hand, the plasmids used have
strong homologies 1n their sequences, which can lead to loss
of information within the plasmids due to homologous
recombination (Wiedemann, 2005). However, the main dis-
advantages associated with the use of plasmids lie 1n the fact
that they remain unstable in the strains without selection
pressure and that they are not suitable for industrial use.

Moreover, 1t would be 1deal for industrial applications 1
the microorganism used were able to metabolise all of the
sugars present 1n the medium. Since the yeasts currently used
industrially are not capable of metabolising the arabinose 1n
the medium, 1t would be highly advantageous to provide the
strains with this additional capablity 1n a stable manner.

The object of the present invention 1s therefore to provide
means that overcome the disadvantages known from the prior
art of introducing genes of a bacterial L-arabinose metabolic
pathway into host cells individually, and which in particular
may be usable for industrial yeast strains.

The object 1s solved according to the mvention by the
provision of nucleic acid molecules comprising three nucleic
acid sequences, each of which codes for a polypeptide of an
[-arabinose metabolic pathway, in particular a bacterial
[-arabinose metabolic pathway.




US 8,753,862 B2

3

A nucleic acid molecule according to the mvention 1s a
recombinant nucleic acid molecule. Furthermore, nucleic

acid molecules according to the invention comprise dsDNA,

ssDNA, PNA, CNA, RNA or mRNA, or combinations
thereof.

The “L-arabinose metabolic pathway” or “bacterial L-ara-
binose metabolic pathway™, such as it occurs in E. coli, 1s
shown i FIG. 2. This metabolic pathway contains 3
enzymes: L-arabinose 1somerase, L-ribulokinase and L-ribu-

lose-5-P-4-epimerase. The genes that code for these enzymes
are called araA, araB and araD. L-arabinose 1somerase con-
verts L-arabinose to L-ribulose, which 1s further metabolised
to L-ribulose-3-phosphate by the L-ribulokinase. Finally, the
L-ribulose-5-P-4-epimerase converts L-ribulose-5-phos-
phate to D-xylulose-5-phosphate. The intermediate metabo-
lite D-xylulose-5-phosphate 1s formed by the heterologously
expressed genes of the L-arabinose metabolic pathway, par-
ticularly the bacterial L-arabinose metabolic pathway, 1n the
yeast cell. D-xylulose-5-phosphate functions as an interme-
diate of the pentose phosphate pathway and can be further
decomposed to ethanol under anaerobic conditions 1n a yeast
cell. Enzymes of the xylose metabolic pathway are also found
in fungi, and these and other enzymes 1solated from eukary-
otes can also be used as enzymes for the L-arabinose meta-
bolic pathway.

The three nucleic acid sequences of the nucleic acid mol-
ecules according to the mvention, each of which codes for a
polypeptide of an L-arabinose metabolic pathway, are pret-
crably araA (L-arabinose 1somerase), araB (L-ribulokinase)
and araD (L-ribulose-3-P-4-epimerase).

The nucleic acid molecules according to the invention pret-
erably comprise nucleic acid sequences that are identical with
the naturally occurring nucleic acid sequence or that have
been codon-optimised for use 1n a host cell.

Each amino acid 1s encoded by one codon. However, there
are several different codons that code for an individual amino
acid. The genetic code 1s, thus, degenerated. The preferred
codon selection for a corresponding amino acid varies from
one organism to another. For example, problems may arise in
heterologously expressed genes if the host organism or host
cell has a very different codon usage. The gene can only be
expressed very slowly, 11 at all. Differing codon usage may
even be observed 1n genes of different metabolic pathways
within the same orgamism. The glycolysis genes from .S. cer-
evisiae are known to be expressed strongly. They have a
highly restrictive codon usage. Adapting the codon usage of
the bacterial genes of the arabinose metabolic pathway to the
codon usage of the glycolysis genes from S. cerevisiae leads
to improved arabinose metabolism 1n yeast.

For codon optimisation, the mventors did not rely on the
usual platforms of synthetic gene designers for heterologous
expression (such as Synthetic Gene Designer as described 1n
Wu et al. 2006), instead they adapted the codon optimisation
specifically to the codon usage of the glycolysis genes in the
yeast. The glycolysis genes 1n the yeast have a highly restric-
tive codon usage, which 1s aligned with the frequency of the
corresponding tRNA. The glycolysis genes use mainly
codons for which there are high concentrations of the corre-
sponding tRNAs, which 1n turn results 1n greater translation
cificiency and gene expression (Bennetzen and Hall, 1982,
Hoekema et al., 1987). In contrast, the usual synthetic gene
designers are geared more to the average codon usage of all
the genes 1 an organism, not just those that are highly
expressed, and they also take 1nto account other factors, such
as stability. Accordingly, codon optimisation with the aid of
such an electronic platform, such as the one described 1n Wu

10

15

20

25

30

35

40

45

50

55

60

65

4

et al. 2006, results 1n a nucleic acid sequence that 1s entirely
different from the one disclosed 1n this patent specification.

According to the invention, at least two of the three nucleic
acid sequences, and preferably all three nucleic acid
sequences, have been codon optimised for use 1n a host cell.

The nucleic acid sequence for araB (L-ribulokinase) and
the nucleic acid sequence for araD (L-ribulose-5-P-4-epime-
rase) are preferably dertved from E. coli. Thereby, the nucleic
acid sequence for araB preferably comprises a nucleic acid
sequence with SEQ ID NO: 1 and the nucleic acid sequence
for araD preferably comprises a nucleic acid sequence with
SEQ ID NO: 2.

The nucleic acid sequence with SEQ ID NO: 1 1s the gene
sequence of the open reading frame (ORF) of araB™* from E.
coli 1n a codon-optimised form.

The nucleic acid sequence with SEQ ID NO: 2 1s the gene
sequence of the open reading frame (ORF) of araD from E.
coli 1 a codon-optimised form.

The nucleic acid sequence for araA (L-arabinose
1Isomerase) 1s preferably dertved from Bacillus licheniformis
or Clostridium acetobutylicum.

These L-arabinose 1somerases are advantageous for the
growth of yeast transformants on an arabinose medium.
Example 1 shows (see also FIG. 4) that, compared with the
1somerase from B. subtilis, particularly the expression of the
L-arabinose 1somerase from C. acetobutylicum and B.
licheniformis significantly improved the growth of yeast
transformants on arabinose medium.

Thereby, the nucleic acid sequence for araA preferably
comprises a nucleic acid sequence with SEQ ID NO: 3,4 or 5.

The nucleic acid sequence with SEQ ID NO: 3 is the gene
sequence ol the open reading frame (ORF) of araA from
Bacillus licheniformis 1n a codon-optimised form.

The nucleic acid sequence with SEQ ID NO: 4 1s the gene
sequence of the open reading frame (ORF) of araA from
Bacillus licheniformis.

The nucleic acid sequence with SEQ ID NO: 5 1s the gene
sequence of the open reading frame (ORF) of araA from
Clostridium acetobutylicum.

Accordingly, the nucleic acid sequences with SEQ ID
NOs: 4 and 5 are naturally occurring nucleic acid sequences.

In a particularly preferred embodiment, a nucleic acid mol-

ecule according to the invention comprises the nucleic acid
sequence with SEQ ID NO: 1, the nucleic acid sequence with
SEQ ID NO: 2 and the nucleic acid sequence with SEQ ID
NO: 3, 4 or 5. Most preferable 1s a nucleic acid molecule
according to the mvention that comprises the nucleic acid
sequence with SEQ ID NO: 1, the nucleic acid sequence with
SEQ ID NO: 2, and the nucleic acid sequence with SEQ 1D
NO: 3.

Yeast transformants that have the two codon-optimised
genes of the kinase (araB, SEQ ID NO: 1) and the epimerase
(araD, SEQ ID NO: 2), and yeast transformants 1n which all
three genes have been codon-optimised (araB: SEQ ID NO: 1,

araD: SEQ ID NO: 2 and araA: SEQ ID NO: 3), show a
considerable growth advantage in a medium containing ara-
binose compared to yeast transformants that have only one
codon-optimised gene. The strains show a considerably
shorter lag phase and grow to theirr maximum optical density
considerably faster (see example 2). The combination of three
codon-optimised genes enables recombinant S. cerevisiae
cells to convert L-arabinose considerably more efficiently.

The object 1s further solved according to the invention by
the provision of expression cassettes comprising a nucleic

acid molecule according to the mnvention.
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Furthermore, the expression cassettes according to the
invention preferably comprise promoter and terminator
sequences.

Promoter sequences are preferably selected from HXTY7,
truncated HXT7, PFK1 FBA1, PGK1, ADHI1 and TDH3.

Terminator sequences are preferably selected from CYCI,
FBA1, PGK1, PFK1, ADHI and TDH3.

Thereby, 1t 1s preferable that different pairs of promoter and
terminator sequences control each of the three nucleic acid
sequences. This 1s necessary to avoid possible homologous
recombination between the promoter and/or terminator
regions/sequences.

According to the invention, the pairs of promoter and ter-
minator sequences are preferably selected from an HX'T7 or
truncated HX'T7 promoter and CYCI1 terminator, a PFK1
promoter and FBAI1 terminator, and an FBA1 promoter and
PGK1 terminator.

Particularly preferred 1s a nucleic acid sequence for araA
controlled by the HXT7 or truncated HX'T7 promoter and the
CYC1 terminator.

Particularly preferred 1s a nucleic acid sequence for araB
controlled by the PFK1 promoter and the FBA1 terminator.

Particularly preferred 1s a nucleic acid sequence for araD
controlled by the FBA1 promoter and the PGK1 terminator.

For turther details, see also example 3.

The expression cassettes according to the invention prei-
erably comprise 5' and/or 3' recognition sequences as well.

Recognition sequences of the enzymes Pacl and Ascl are
preferred.

The object 1s further solved according to the mvention by
provision of expression vectors, comprising a nucleic acid
molecule or an expression cassette according to the mvention.

The expression vectors according to the mvention prefer-
ably comprise a selection marker as well.

The selection marker 1s preferably selected from a leucine
marker, an uracil marker or a dominant antibiotic marker. A
preferred dominant antibiotic marker 1s selected from gene-
ticin, hygromycin and nourseothricin.

An expression vector according to the invention is prefer-
ably selected from the group p425H7synthAra, pRS303X,

p3RS305X or p3RS306X.

For further details, see also example 3.

For industrial applications, 1t would be 1deal if the micro-
organism used were capable of metabolising all of the sugars
present in the medium. Since the yeasts that are currently used
are not capable of metabolising the arabinose 1n the medium,
it would be highly advantageous to provide the strains with
this additional capablity 1n stable manner. In order to achieve
this, an expression vector with genes ol an arabinose meta-
bolic pathway 1s highly beneficial. This expression vector can
then be genomically integrated 1n a stable manner and can
allow for the metabolisation of arabinose 1n industrial strains.

This invention succeeded (see also Examples) in construct-
ing a vector that codes for an expression cassette with three
genes of an arabinose metabolic pathway, particularly a bac-
terial metabolic pathway. In this way, 1t 1s possible to circum-
vent the problems that may arise when several plasmids are
present 1n the same cell at the same time (“Plasmid stress™,
Review of E. coli by Bailey (1993)). Furthermore, stable
genomic integration ol the arabinose metabolic pathway
genes 15 enabled. The problems associated with constructing
an expression cassette of the arabinose metabolic pathway
genes and integrating 1t in a manner that is genomically stable
have already been shown by Becker (2003) and Wiedemann
(2005).

By selecting promoters and terminators i combination
with using the improved L-arabinose i1somerase and the
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codon-optimised versions of the genes ivolved, the con-
struction of this functional expression cassette according to
the invention was achieved.

The expression cassette constructed with the three genes
according to the mvention represents an excellent starting
point for a direct genomic integration as well as enables
subcloning 1nto the integrative plasmids of the series
pRS303X, pRS305X and pRS306X (Taxis and Knop, 2006).

Furthermore, a plurality of experimental obstacles and dif-
ficulties had to be overcome 1n the process of cloning the three
genes with the different promoters and terminators, and these
are reported 1n greater detail 1n the examples and figures.

Finding an L-arabinose i1somerase that functions better,
such as 1s more efficient, 1n yeast.

Cloning the 1somerase proved to be di
consuming.

The vector according to the invention 1s the first vector
described that contains all the essential genes for con-
verting arabinose 1n yeast.

The vector contains all the genes 1n functional form and
enables the recombinant yeast a good arabinose growth.
Functionality as well as very good arabinose growth
were by no means expected.

The object 1s further solved according to the invention by
providing host cells that contain a nucleic acid molecule
according to the invention, an expression cassette according
to the invention, or an expression vector according to the
invention.

In a particularly preferred embodiment, a nucleic acid mol-
ecule according to the mnvention, an expression cassette
according to the ivention or an expression vector according
to the invention 1s integrated 1n stable manner 1n the genome
of the host cell.

For industrial applications, 1t would be ideal 11 the micro-
organism used were capable of metabolising all of the sugars
present in the medium. Since the yeasts that are currently used
are not capable of metabolising the arabinose 1n the medium,
it would be highly advantageous to provide the strains with
this additional capablity 1n stable manner. In order to achieve
this, a nucleic acid molecule according to the mvention, an
expression cassette according to the mvention or an expres-
sion vector according to the mvention can be genomically
integrated 1n stable manner and can allow for the metaboli-
sation of arabinose in industrial strains. Using the nucleic acid
molecules according to the invention ensures a very eificient
arabinose conversion in industrial strains. Previously, the
practice of introducing the genes of the bacterial L-arabinose
metabolic pathway individually was associated with the dif-
ficulty that the genes were not present 1n an optimal ratio to
cach other. The transformations were time-consuming and
the resulting arabinose metabolism was often not as efficient
as desired. Moreover, the properties provided were often not
stable. In contrast, the expression cassette according to the
invention or the expression vector according to the invention,
respectively, enable the bacterial L-arabinose metabolic path-
way to be introduced quickly and functionally. With the selec-
tion of the promoters, 1t was possible to combine the genes
together on one nucleic acid molecule, one expression cas-
sette or one expression vector. The integration of the nucleic
acid molecule according to the invention, the expression cas-
sette according to the invention or the expression vector
according to the mnvention, respectively, further gunarantees an
eificient arabinose conversion.

A host cell according to the invention 1s preferably a fungus
cell, and more preferably a yeast cell, such as Saccharomyces
species, Kluyveromyces sp., Hansenula sp., Pichia sp. or
Yarrowia Sp.

e

qcult and time-
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In particular, a host cell according to the invention 1s
selected from BWY1, CEN.PK113-7D, Red Star Ethanol

Red and Fermiol.

The object 1s further solved according to the invention by
providing methods for producing bioethanol. One method
according to the mmvention comprises the expression of a
nucleic acid molecule according to the invention, an expres-
sion cassette according to the invention, or an expression
vector according to the invention 1n a host cell.

Thereby, the method 1s preferably carried out 1n a host cell
according to the mnvention.

The object 1s further solved according to the mvention by
the use of a nucleic acid molecule according to the invention,
an expression cassette according to the invention, an expres-
s10n vector according to the invention, or a host cell according
to the invention to produce bioethanol.

The object 1s further solved according to the mvention by
the use of nucleic acid molecule according to the invention, an
expression cassette according to the ivention, an expression
vector according to the ivention, or a host cell according to
the mnvention for recombinant fermentation of pentose-con-
taining biomaterial.

For the methods and uses, see the examples and figures.
The results of fermentation recorded 1n example 2 show that
especially the codon-optimised genes of araA, araB and araD
enable the yeast transform ants to metabolise arabinose more
cificiently. The result of this 1s faster conversion of the sugar
and a significantly higher ethanol yield.

The object 1s further solved according to the invention by
providing a polypeptide selected from the group of
a. apolypeptide which 1s at least 70%, preferably at least 80%
identical to the amino acid sequence that 1s coded by SEQ ID
NO: 3, 4 or 35, and has an 1n vitro and/or 1 vivo pentose
1somerase function,

b. a naturally occurring variant of a polypeptide including the
amino acid sequence that 1s coded by SEQ ID NO: 3, 4 or 3,
which has an 1n vitro and/or 1n vivo pentose 1somerase func-
tion,

c. apolypeptide which 1s identical to the amino acid sequence
that 1s coded by SEQ ID NO: 3, 4 or 5, and has an 1n vitro
and/or 1n vivo pentose 1somerase function, and

d. a fragment of the polypeptide from a., b. or c., comprising
a fragment of at least 100, 200 or 300 continuous amino acids
of the amino acid sequence that 1s coded by SEQ ID NO: 3, 4
or 5.

Such a polypeptide is preferably selected from the group of
a. a polypeptide which 1s at least 70%, preferably at least 80%
identical to the amino acid sequence according to SEQ ID
NO: 6 or 7, and has an 1n vitro and/or 1n vivo pentose
1somerase function,

b. a naturally occurring variant of a polypeptide comprising,
the amino acid sequence according to SEQ ID NO: 6 or 7,
which has an 1n vitro and/or 1n viva pentose 1somerase func-
tion,

c. a polypeptide which 1s 1dentical to the amino acid sequence
according to SEQ ID NO: 6 or /7, and has an 1n vitro and/or 1n
vIvo pentose 1somerase function, and

d. a fragment of the polypeptide from a., b. or c., comprising
a fragment of at least 100, 200 or 300 continuous amino acids
according to SEQ ID NO: 6 or 7.

A polypeptide according to the mvention preferably com-
prises a polypeptide which i1s at least 90%, preferably 95%
identical to the amino acid sequence that 1s coded by SEQ ID
NO: 3, 4 or 5, and has an 1n vitro and/or 1 vivo pentose
1Isomerase function.

Such a polypeptide according to the invention preferably
comprises a polypeptide which 1s at least 90%, preferably
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95% 1dentical to the amino acid sequence according to SEQ)
ID NO: 6 or 7, and has an 1n vitro and/or 1n vivo pentose
1Isomerase function.

The amino acid sequence with SEQ ID NO. 6 1s the amino
acid sequence of Bacillus licheniformis L-arabinose
isomerase (araA). This amino acid sequence is preferably
coded by the nucleic acid sequences with SEQ ID NOs. 3 or
4.

The amino acid sequence with SEQ ID NO. 7 1s the amino
acid sequence ol Clostridium acetobutylicum L-arabinose

isomerase (araA). This amino acid sequence 1s preferably
coded by the nucleic acid sequence with SEQ ID NO. 5.
The pentose 1s arabinose, in particular L-arabinose.
The polypeptide according to the invention preferably
originates from a bacterium, more preferably from Bacillus
licheniformis or Clostridium acetobutylicum.

These L-arabinose 1somerases are advantageous for the
growth of yeast transformants on arabinose medium. A num-
ber of different experiments indicated that the L-arabinose
1somerase from B. subtilis that was used previously repre-

sents a limiting step in the decomposition of arabinose 1n
yeast (Becker and Boles, 2003 ; Wiedemann, 2003; Karhumaa
ctal, 2006; Sedlak and Ho, 2001). Example 1 shows (see also
FIG. 4) that the growth of yeast transformants on arabinose
medium 1s significantly improved particularly by the expres-
sion of L-arabinose 1somerase from C. acetobutvlicum and
trom B. licheniformis, 1in comparison to the isomerase from B.
subtilis.

The object 1s further solved according to the invention by
providing an 1solated nucleic acid molecule that codes for a
polypeptide according to the invention.

Additionally, the object 1s further solved according to the
invention by providing a host cell that contains such an 1so-
lated nucleic acid molecule.

For preferred embodiments of the 1solated nucleic acid
molecule and of the host cells, reference 1s made to the
embodiments described above.

The polypeptide according to the mmvention, the 1solated
nucleic acid molecule according to the invention and the host
cell according to the invention are preferably used in the
production of bioethanol and for recombinant fermentation of
pentose-containing biomaterial.

A Turther aspect of the present invention are host cells that
contain one or more modifications, such as nucleic acid mol-
ecules.

An additional modification of such kind 1s a host cell that
overexpresses a TALIl (transaldolase) gene, such as 1is
described by the inventors in EP 1 499 708 B1, for example.

A Tfurther such additional modification 1s a host cell that
contains a nucleic acid coding for a specific L-arabinose
transporter gene (aral’), particularly such as a specific L-ara-
binose transporter gene from the genome of P, stipitis, such as
1s described by the mventors 1n German Patent Application
DE 10 1006 060 381.8, filed on Dec. 20, 2006.

Further biomass with significant amounts of arabinose
(source of the data: U.S. Department of Energy:

Type of biomass L-arabinose [%]

Switchgrass 3.66
Large bothriochloa 3.55
Tall fescue 3.19
Robinia 3

Corn stover 2.69
Wheat straw 2.35
Sugar cane bagasse 2.06
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-continued
Type of biomass L-arabinose [%]
Chinese lespedeza 1.75
Sorghum bicolor 1.65

The nucleic acids, expression cassettes, expression vectors
and host cells according to the mvention are also of great
importance for their utilization.

Possible uses of the nucleic acids, expression cassettes,
expression vectors and host cells according to the invention
include both the production of bioethanol and the manufac-
ture of high-quality precursor products for further chemical
synthesis.

The following list originates from the study “Top Value
Added Chemicals From Biomass”. Here, 30 chemicals,
which can be produced from biomass, were categorized as
being particularly valuable.

Number of
C atoms Top 30 Candidates

1 hydrogen, carbon monoxide

2

3 glycerol, 3-hydroxypropionic acid, lactic acid,
malonic acid, propionic acid, serine

4 acetoin, asparaginic acid, fumaric acid, 3-hydroxy-
butyrolactone, malic acid, succinic acid, threonine

5 arabitol, furfural, glutamic acid, 1taconic acid,
levulinic acid, proline, xylitol, xylonic acid

6 aconitic acid, citrate, 2,5-furandicarboxylic acid,

glucaric acid, lysine, levoglucosan, sorbitol

It 1s 1important to have the nucleic acids, expression cas-
settes, expression vectors and host cells according to the
invention available as soon as these chemaicals are produced
from lignocellulose by biokonversion (e.g. fermentations
with yeasts).

The present invention will be explained in greater detail in
the following figures, sequences and examples, without limi-
tation thereto. The references cited are fully incorporated
herein by reference thereto. In the sequences and figures are
shown:

SEQ ID NO: 1 shows the gene sequence of the open read-
ing frame (ORF) of araB"* from E. coli in a codon-optimised
form.

SEQ ID NO: 2 shows the gene sequence of the open read-
ing frame (ORF) of araD from . coli 1n a codon-optimised
form.

SEQ ID NO: 3 shows the gene sequence of the open read-
ing frame (ORF) of araA from B. licheniformis 1n a codon-
optimised form.

SEQ ID NO: 4 shows the gene sequence of the open read-
ing frame (ORF) of araA from B. licheniformis.

SEQ ID NO: 5 shows the gene sequence of the open read-
ing frame (ORF) of araA from C. acetobutylicum.

SEQ ID NO. 6 shows the amino acid sequence of the
Bacillus licheniformis L-arabinose 1somerase (araA). This

amino acid sequence 1s preferably coded by the nucleic acid
sequences with SEQ ID NOs. 3 or 4.

SEQ ID NO. 7 shows the amino acid sequence of the
Clostridium acetobutyvlicum L-arabinose isomerase (araA).
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This amino acid sequence 1s preferably coded by the nucleic
acid sequence with SEQ ID NO. 5.

FIG. 1 Composition of the biomass.

Biomass consists of cellulose, hemicellulose and lignin.
The second most frequently occurring hemicellulose 1s a
highly branched polymer consisting of pentoses, uronic acids
and hexoses. The hemicellulose consists 1n a large proportion
of the pentoses xylose and arabinose.

FIG. 2 Scheme of the metabolism of L-arabinose in recom-
binant S. cerevisiae by integration of a bacterial L-arabinose
metabolic pathway.

FIG. 3 Vectors used and their construction.

The mitial plasmid for construction of the vector
p425H7synthAra (FIG. 3 A) was the plasmid p425HXT-

6HIS (FIG. 3 B). The open reading frames of the codon-
optimised genes of araA from B. licheniformis and araB™*
and araD from E. coli were amplified and cloned into the
plasmid p425HXT7-6HIS after various promoters and termi-
nators. The primers were selected in such manner that the
resulting expression cassette was flanked by the restriction
sites of enzymes Pacl and Ascl. Thereby, the plasmid
p425H7synth Ara was produced, which has a leucine marker.

FIG. 4 Growth on arabinose using various L-arabinose
Isomerase genes.

Growth curves of recombinant S. cerevisiae strains con-
taining the bacterial L-arabinose metabolism with various
[-arabinose 1somerases. Growth tests were conducted in S ml
SM medium with 2% arabinose under aerobic conditions.
The L-arabinose 1somerases of C. acetobutylicum, B. licheni-

30 formis, P. pentosaceus, L. plantarum and L. mesenteroides
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were tested. The L-arabinose 1somerase from B. subtilis and
the empty vector p423HXT7-6HIS were used as controls.

FIG. 5 Growth on arabinose using codon-optimised arabi-
nose metabolic pathway genes.

Growth curves of recombinant S. cerevisiae strains con-
taining the bacterial L-arabinose metabolism with different
combinations of codon-optimised genes and the genes with
original sequences. Growth tests were conducted in 5 ml SM
medium with 2% arabinose under acrobic conditions. Each of
the combinations that contained one of the codon optimised
genes respectively, and the combination containing all three
codon-optimised genes were tested. In addition, the combi-
nation in which the codon-optimised genes of kinase and
epimerase were present was also tested. A recombinant yeast
strain with the four genes having the original sequences was
used as a control.

FIG. 6 Ethanol formation using codon-optimised arabi-
nose metabolic pathway genes.

The figure shows the results of HPLC analyses of the media
supernatants from two fermentations. One fermentation was
carried out with strain BWY 1, which possesses plasmids
p423H7synthlso, p424H7synthKin, p425H7synthEp1 and
pHL125™ (3x synth). In the other fermentation, strain BWY'1
was tested, contamming plasmids p423H7araABs™,
pd24H7araB™, p425H7araD™ and pHL125™ (3xre). The fer-
mentations were carried out in SFM medium with 3% L-ara-
binose. The strains were grown to a high optical density in the
termenter. Then, the fermentation was changed to anaerobic
conditions (after 48 hours). The plots show arabinose con-
sumption and ethanol production.

FIG. 7 Growth on arabinose using the constructed expres-

sion plasmid p425H7-synthAra.
Growth curves of recombinant S. cerevisiae strains con-

taining bacterial L-arabinose metabolism 1n the form of the

vector p425H7-synthAra. Growth tests were conducted 1n 5
ml SC medium with 2% arabinose under aerobic conditions.

A recombimant vyeast strain  with the plasmids
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p423H7araABs™, pd424H7araB™, p425H7araD’™ and
pHL 125, which had been tested 1n 5 ml SM medium with
2% arabinose, was used as the control.

12

Trace elements: EDTA, 15 mg/ll, ZnSO,*4.5 mg/l;
MnCl,*4H.,0, 0.1 mg/I;
CoCl,*6H,0O, 03 mg/l;
Na,MoO,*2H,0, 0.4 mg/l;

0.192

CuSQO,, mg/1;

EXAMPLE 5 CaCl,*2H,0, 4.5 mg/l; FeSO,*7H,0, 3 mg/l; H,BO,, 1
mg/1; KI, 0.1 mg/]
Methods Vitamins: Biotin, 0.05 mg/l; p-aminobenzoic acid, 0.2
mg/l; nicotinic acid, 1 mg/l; Calcium pantothenate, 1
1. Strains and Media mg/1; pyridoxin-HCL, 1 mg/l; thiamin-HCL, 1 mg/I;
Bacteria 10 M ositol, 25 mg/1
E. coli SURE (Stratagene) Concentration of amino acids and nucleobases 1n the syn-
E. coli DH5a (Stratagene) thetic complete medium (based on Zimmermann, 1975):
Bacillus licheniformis (DSMZ.) Adenine (0.08 mM), arginine (0.22 mM), histidine (0.25
Clostridium acetobutylicum (DSMZ.) mM), 1soleucine (0.44 mM), leucine (0.44 mM), lysine (0.35
Leuconostoc mesenteroides (DSMZ.) 15 mM), methionine (0.26 mM), phenylalanine (0.29 mM), tryp-
Pediococcus pentosaceus (DSMZ)) tophan (0.19 mM), threonine (0.48 mM), tyrosine (0.34 mM),
Lactobacillus plantarum (DSMZ) uracil (0.44 mM), valine (0.49 mM). L-arabinose and D-glu-
Full medium LB 1% Trypton, 0.5% yeast extract, 0.5% cose were used as the carbon source.
NaCl, pH 7.5 (see Maniatis, 1982). 40 ug/ml ampicillin was Solid full and selective media also contained 1.8% agar.
added to the medium after autoclaving for selection based on 20 The yeast cells were cultured at 30° C. The synthetic mineral
plasmid-coded antibiotic resistance. Solid culture media also medium used for the fermentations contained salts, trace met-
contained 2% agar. Culturing was pertormed at 37° C. als and vitamins in the concentrations listed above and L-ara-
Yeast binose as the carbon source. Stock solutions of the trace
Strain BWY1: metals and of the vitamins were prepared. Both solutions
BWY1 1s based on the strain JBY25 (MATa leu2-3,112 25 were sterile filterd. Both were stored at4° C. The pH value are
ura3-32 trp1-289 his3-A1MALZ2-8¢c SUC2+ unknown muta- critically important to the preparation of the trace metal solu-
tions for better growth on arabinose); the strain. JBY 25 was tion. The various trace elements had to be completely dis-
selected further and possesses additional mutations for solved 1n water one after the other 1n the order given above.
improved growth on L-arabinose under reduced oxygen con- After each addition, the pH value had to be adjusted to 6.0
ditions (Wiedemann, 2005) 30 with KOH before the next trace element could be added.
Synthetic Complete Selective Medium SC.: Finally, the pH value was adjusted to 4.0 with HCI1. 200 pl
0.67% yeast nitrogen base w/o amino acids, pH 6.3, amino antifoaming agent (Antifoam2004, Sigma) was added to the
acid/nucleobase solution, carbon source at the concen- medium to prevent foaming. Since the tests were carried out
tration indicated in each case under anaerobic conditions, 2.5 ml/l of a Tween80-Ergosterol
Synthetic Minimal Selective Medium SM: 35 solution had to be added to the medium after autoclaving.
0.16% vyeast nitrogen base w/o amino acid and ammonium This consists of 16.8 g Tween80 and 0.4 g Ergosterol, which
sulphate, 0.5% ammonium sulphate, 20 mM potassium was filled to 50 ml with ethanol and dissolved therein. The
dihydrogen phosphate, pH 6.3, carbon source at the con- solution was sterile filtered. The salts and the antifoaming
centration indicated 1n each case agent were autoclaved together with the complete fermenter.
Synthetic Fermentation Medium (Mineral Medium) SFM: 40 The arabinose was autoclaved separately from the rest of the
(Verduyn et al., 1992), pH 5.5 medium. After the medium cooled down, the trace elements
Salts: (NH,),SO,, 5 g/1; KH,PO,, 3 g/l; MgSO,*7H,0O, 0.5 and vitamins were added to 1t.
g/l 2. Plasmids
Plasmid Source/Reference Description

p423HXT7-6HIS
(=p423H7)

p424HXT7-6HIS
(=p424H7)

p425HXT7-6HIS
(=p425H7)

p426HXT7-6HIS
(=p426H7)

p423H7araABs™®

p424H7araB
p424H7araB™

p425H7aral)’®

Becker and Boles, 2003

Becker and Boles, 2003

Becker and Boles, 2003

Hamacher et al., 2002

Becker and Boles, 2003

Becker and Boles, 2003
Becker and Boles, 2003

Becker and Boles, 2003

21 expression plasmid for overexpression of various genes
and for fusing the E. coli L-arabinose isomerase with an
His, epitope; HIS3 selection marker gene, shortened HXT7
promoter and CYC1 terminator (Hamacher et al., 2002)

21 expression plasmid for overexpression of various genes
and for fusing the mutated and the wild type E. coli L-
ribulokinase with an His, epitope; TRP1 selection marker
gene, shortened HX'T7 promoter and CYC1 terminator
(Hamacher et al., 2002)

21 expression plasmid for overexpression of various genes;
LEU2 selection marker gene, shortened HX'T'7 promoter and
CYC1 terminator (Hamacher et al., 2002)

21 expression plasmid for overexpression of genes
producing an His, epitope; URA3 selection marker gene,
shortened HX'T7 promoter and CYC1 terminator

B. subtilis araA 1n p423HXT7-His, re-1solated from JBY25-
4M

E. coli araB 1n p423HXT7-His

E. coli araB i p423HXT7-His; re-1solated from IBY25-
4M, mutation in araB, which enables arabinose growth
E. coli araD 1in p425HXT7-His; re-1solated from JBY25-
4M
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-continued

Source/Reference Description

Plasmid

p423H/-synthlso
p424H7-synthKin

mutation 1n araB
p425H7-synthEpi
p425H7-synthAra

14

b. lichewniformis araA codon-optimised 1n p423HXT7-His
E. coli araB codon-optimised in p424HXT7-His, with

E. coli araD codon-optimised i p425HXT7-His
21 plasmid with codon-optimised genes araA, araB™* and

araD); araA under control of the FBA1 promoter and PGK1

terminator, araB™* under control of the PFK1 promoter and
FBA1 terminator, and araD) under control of the shortened

HX'T7 promoter and the CYC1 terminator, LEU2 selection

marker gene

pHL125™* Liang and Gaber, 1996

21 plasmid with the GAL?2 gene expressed after the ADH1

promoter, URA3 selection marker gene; re-i1solated from

IBY25-4M

3. Transformation:

Transformation of £. coli

The E. coli cells were transformed by the electroporation
method described by Dower et al. (1988) and Wirth (1993)
using an Easyject prima device (EQUIBO).
Transformation of S. cerevisiae

S. cerevisiae strains were transformed with plasmid DNA

or DNA fragments using the lithium acetate method of Gietz
and Woods (1994).
4. Preparation of DNA

Isolation of Plasmid DNA from E. coli

Plasmid DNA was 1solated from E. coli with the alkaline
lysis procedure developed by Bimboim and Doly (1979),
modified according to Maniatis et al. (1982), or alternatively
with the “QIAprep Spin Mimiprep Kit” manufactured by
Qiagen.

Highly pure plasmid DNA for sequencing was prepared
with the “Plasmid Min1 Kit” manufactured by (Q1agen accord-
ing to the manufacturer’s 1mstructions.

Isolation of Plasmid DNA from S. cerevisiae

The cells of a stationary yeast culture (5 ml) were harvested
by centrifuging, washed and resuspended in 40 ul P1 butier
(Plasmid Mimi1 Kit, Qiagen). After the addition of 400 ul P2
butler and 24 volume glass beads (3 0.45 mm, cell disruption
was performed by shaking for 5 minutes on a Vibrax (Vibrax-
VXR manufactured by Janke & Kunkel or IKA). The residue
was filled with 12 volume P3 butifer, mixed and incubated on
ice for 10 min. After centrifuging for 10 minutes at 13000
rpm, the plasmid DNA was precipitated at room temperature
by adding 0.75 ml 1sopropanol to the residue. The DNA was
pelletized by centrifuging at 13000 rpm for 30 min. and
washed with 70% ethanol, drnied and resuspended in 20 ul
water. 1 ul of the DNA was used for the transformation in £.
coli.

Determination of DNA Concentration

The DNA concentration was measured by spectrophotom-
etry in a wavelength range of 240-300 nm. If the purity of the
DNA, as determined by the quotient E, ., _/E..,,. ., 15 1.8,

extinction E, ., =1.0 corresponds to a DNA concentration
of 50 ug dsDNA/ml (Mamatis et al., 1982).

DNA Amplification Using PCR
Use of the Phusion™ High Fidelity System

The polymerase chain reaction was carried out 1n a total
volume of 50 ul with the “Phusion™ High Fidelity PCR

System” manufactured by the company Finnzymes 1n accor-
dance with the manufacturer’s istructions. Each stock solu-

tion consisted of 1-10 ng DNA or 1-2 yeast colonies as a
synthesis model, 0.2 mM dNTP-Mix, 1x builer 2 (contains
1.5 mM MgCl,), 1U polymerase, and 100 pmol of each of the

corresponding oligonucleotide primers. The PCR reaction
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was carried out 1n a thermocycler manufactured by the com-
pany Techne and the following PCR conditions were selected
according to requirements:

1. 1x 30 sec, 98° C. Denaturation of DNA
2. 30x 10 sec, 98° C. Denaturation of DNA
30 sec, 56-62° C. Annealing/binding of oligonucleotides
to the DNA
0.5-1 min, 72° C. DNA synthesis/elongation
3. 1x 7 min, 72° C. DNA synthesis/elongation

The polymerase was added after the first denaturation step
(“hot start PCR”). The number of synthesis steps, the anneal-
ing temperature and the elongation time were adapted to the
specific melting temperatures of the oligonucleotides used
and the size of the expected product. The PCR products were
tested with agarose gel electrophoresis and then cleaned up.

DNA Purification of PCR Products

The PCR products were purified with the “QIAquick PCR
Purification Kit” manufactured by Qiagen in accordance with
the 1nstructions of the manufacturer.

Gel Electrophoretic Separation of DNA Fragments

DNA fragments having a s1ze 01 0.15-20 kb were separated
in 0.5-1% agarose gels with 0.5 ug/ml ethidium bromide.
1 xTAE butfer (40 mM Tris, 40 mM acetic acid, 2 mM EDTA)
was used as the gel and running buffer (Maniatis et al., 1982).
A lambda phage DNA digested with the restriction endonu-

cleases EcoRI and HindIII was used as the size standard.
Betore loading, /10 volume blue marker (1xTAE butfer, 10%

glycerin, 0.004% bromophenol blue) was added to the DNA
samples, which were rendered visible after separation by
irradiation with UV light (254 nm).

Isolation of DNA Fragments from Agarose Gels

The desired DNA fragment was cut out of the TAE agarose
gel under long-wave UV light (366 nm) and 1solated with the
“QIAquick Gel Extraction Kit” manufactured by Qiagen 1n

accordance with the manufacturer’s instructions.
5. Enzymatic Modification of DNA
DINA Restriction

Sequence-specific cleaving of the DNA with restriction
endonucleases was conducted for 1 hour with 2-5U enzyme
per mg DNA under the incubation conditions recommended
by the manufacturer.
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Example 1

Screen for Better L-Arabinose Isomerases

A) Performance of the Screen

Several experiments indicated that the L-arabinose
1Isomerase from B. subtilis represents a limiting step in the
breakdown of arabinose in veast (Becker and Boles, 2003;
Wiedemann, 2003; Karhumaa et al, 2006; Sedlak and Ho,
2001). In order to improve the arabinose metabolic path, five
[-arabinose 1somerases from different organisms were
tested.

For this, genomic DNA was 1solated from the organisms C.
acetobutvlicum, B. licheniformis, P. pentosaceus, L. plan-
tarum and L. mesenteroides (see “Isolation of plasmid DNA
from S. cerevisiae™). The cells were cultivated, harvested and
absorbed 1n the bufler. Cell disruption was eflected using
glass beads. Then, the DNA was precipitated, washed, and
used for the PCR. The open reading frame (ORF) of araA
from the organisms listed was amplified with primers, which
also had homologous areas to the HXT7 promoter and CYCI1
terminator. The PCR products obtained were transformed in
yeast together with the EcoRI/BamHI linearised vector
p423HXT7-6His and cloned by 1n vivo recombination into
the plasmid between the HX'T7 promoter and CYCI1 termi-
nator. The sequence of the plasmids obtained was verified by
restriction analysis. The functionality of the new 1som erases
and their effect on the arabinose metabolism also needed to be
studied.

For this purpose, recombinant yeast strains were produced,
containing one of the new 1somerases and the rest of the

bacterial arabinose metabolic pathway genes (p424H7araB™,
p425H7araD)’™ and pHL1257).

B) Growth Behaviour

Growth of the strains was tested under aerobic conditions
in a medium containing arabinose. The recombinant yeast
strain containing the 1somerase from B. subtilis was used as
the control. A yeast strain with the empty vector p423HXT/-
6HIS was constructed as the negative control.

The strains with the various 1somerase plasmids were cul-
tured 1n SM medium with 2% arabinose and moculated with
a OD,,,..=0.2 1n 5 ml SM medium with 2% arabinose. This
was 1ncubated 1n test tubes on a shaking flask under aerobic
conditions at 30° C. Samples were taken regularly to deter-
mine optical density.

The results are shown 1n FIG. 4. It was shown that, com-
pared with the 1somerase from B. subtilis, particularly the
expression of L-arabinose 1somerase from C. acetobutyvlicum
and from B. licheniformis significantly improved the growth
ol yeast transformants on arabinose medium.

Example 2

Codon-Optimisation of Genes for Arabinose
Decomposition 1n Yeast

A) Codon-Optimisation of Genes According to the Codon
Usage of the Glycolysis Genes from S. cerevisiae

The pretferred codon usage of the glycolysis genes from S.
cerevisiae was calculated and 1s listed 1in table 1. The ORF of
genes araA and araB™* from E. coli were codon-optimised as
well as the ORF of the gene araA from B. licheniformis. This
means, the sequences of the open reading frames were
adapted to the preferred codon usage listed below. The protein
sequence of the enzymes remained unchanged. The genes
were synthesised at the facilities of an independent company
delivered 1n dried form in company owned house vectors.
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More detailed information about gene synthesis 1s avail-

able.
TABLE 1
Preferred codon usage of glycolysis genes from
S. cerevisgiae.

Amino acid

preferred codon

Ala GCT
ATy AGA
Asn AAC
Asp GAC, (GAT)
Cys TGT
Gln CAL
Glu GAA
Gly GGT
His CAC
Ile ATT, (ATC)
Leu TTG
Lys ARG
Met ATG
Phe TTC
Pro CCA
Ser TCT, (TCC)
Thr ACC, (ACT)
Trp TGG
Tyr TAC
Val GTT, (GTC)
Stop TAA

B) Introduction of Codon-Optimised Genes into the BWY1
Strain
In order to transform the three codon-optimised genes 1nto
the BWY 1 strain and test them, the genes had to be subcloned
in yeast vectors. For this purpose, the codon-optimised araA
OREF, the araB”* ORF and the araDD ORF were amplified with
primers, so that homologous overhangs to the shortened
HXT7 promoter and the CYC1 terminator were created. The
wexpression plasmids p423HXT7-6HIS, p424HXT7-6HIS,
p425HXT7-6HIS were linearised with restriction endonu-
cleases 1n the range between the HX'T7 promoter and the
CYC1 terminator. The PCR product from araA was trans-
formed 1n yeast with the linearised p423HX'T7-6HIS and
cloned to the plasmid p423H7-synthIso by 1n vivo recombi-

nation. The same procedure was followed with the PCR prod-
uct araB”* and the linearised vector p424HXT7-6HIS. This

produced the plasmid p424H7synthKin. Plasmid p425H7-
synthlso was produced by in vivo recombination of PCR
product araD and the linearised vector p425HXT7-6HIS 1n
yeast. The plasmids were 1solated from the yeast and ampli-
fied 1n E. coli. Alter the plasmids were 1solated from E. coli,
the plasmids were examined by restriction analysis. One of
cach of the plasmids with the codon-optimised genes was
transformed into the yeast strain BWY1 together with the
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three original, re-1solated plasmids, to test for functionality
and for further analysis, so that all of the recombinant strains
produced contained a complete arabinose metabolic pathway.
In addition, the combination p424H7synthKin and
p42457synthEp1 was tested with the original, re-isolated
plasmids as well as a hatch 1n which the yeast transformant
possessed all three new plasmids. The transformation with
the four plasmids in each case took place at the same time.
The transformants were plated on SM medium with 2% glu-
cose. After two days, the colonies obtained were streaked out
onto SM medium with 2% arabinose. A yeast strain that
contained the four original, re-1solated plasmids was used as
a positive control.

C) Growth Behaviour

The growth of the strain BWY 1 with the various plasmid
combinations of codon-optimised genes and original genes
was examined 1n growth tests on arabinose-containing
medium under aerobic conditions.

The strains with the various plasmid combinations were
cultured in SM medium with 2% L-arabinose and 1inoculated
with an OD,,. =0.2 1n 5 ml SM medium with 2% L.-arabi-
nose. Incubation took place in test tubes under aerobic con-
ditions at 30° C. Samples were taken regularly to determine
optical density.

The results of the aerobic growth curve are shown 1n FIG.
5. It can be seen clearly that recombinant yeast strains that
possess only one of the optimised genes show little or no
growth advantages compared to the strain with the four origi-
nal plasmids 1n a medium containing arabinose. However,
yeast transformants with the two optimised genes of kinase
and epimerase and yeast transformants with three optimised
genes showed a clear growth advantage 1n a medium contain-
ing arabinose. The strains manifested a significantly shorter
lag phase and grew to their maximum optical density consid-
erably more quickly.

This shows that the combination of the three codon-opti-
mised genes enables recombinant S. cerevisiae cells to con-
vert L-arabinose significantly more efficiently.

D) Ethanol Production

FIGS. 6 (A) and (B) shows the results of HPLC analyses of
two fermentations. One recombinant yeast strain contains
plasmids p423H7synthlso, p424H7synthKin,
p425H7synthEp1 and pHLL.125™, the other contains plasmids
p423H7araABs™, pd424H7araB™, p425H7araD’™ and
pHL125™. The fermentations were conducted in SFM
medium with 3% L-arabinose. FIG. 6 (A) shows the arabi-
nose consumption and the dry weight of both strains FIG. 6
(B) 1llustrates the ethanol production of the two strains.

The strains were cultivated 1n the fermenter aerobically
until they reached a dry weight of approx. 2.8 g/l. When
suificient cell mass was present, the fermentations were
switched to anaerobic conditions. The figure shows the plots
of arabinose metabolism and ethanol production. The
byproducts produced, arabitol, acetate and glycerin, have not
been listed because they were produced 1n comparable quan-
tities by both strains.

As the plots show, ethanol production begins immediately
after the switch to anaerobic conditions for both strains (the
switch to anaerobic conditions 1s shown 1 FIGS. 6 (A) and
(B) by an arrow). The ethanol that was already present 1n the
medium at the start of the fermentation was not produced by
the yeasts, 1t originated from the Tween80/Ergosterol solu-
tion. Under the aerobic conditions that prevailed 1n the begin-
ning, ethanol was decomposed by yeast by respiration.

After about 80 hours, the strain that has the arabinose
metabolic pathway genes in codon-optimised form demon-
strates significantly improved arabinose metabolism and
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increased ethanol production. The arabinose present in the
medium has been completely consumed atfter just 1350 hours.

In contrast, even after 180 hours there 1s still arabinose 1n the
medium with the strain with the original, reisolated plasmids.

The fermentation results show that the codon-optimised
genes enable the yeast transformants to metabolise arabinose
more elliciently. The result of this 1s that the sugar 1s metabo-
lised faster and a significantly higher ethanol yield 1is
obtained.

Example 3

Construction of an Expression Cassette with Three
Genes for the Arabinose Metabolic Pathway

The vector with the expression cassette with three genes for
the arabinose metabolic pathway was constructed both to
circumvent the problems that can arise when several plasmids
are present in the same cell at the same time (“Plasmid stress”,
Review of E. coli by Bailey (1993)), and to enable stable
genomic integration of the arabinose metabolic pathway
genes. The 1ssues associated with constructing an expression
cassette of the arabinose metabolic pathway genes and 1nte-
grating 1t individually in a manner that 1s genomically stable
have already been shown by Becker (2003) and Wiedemann
(20035). The expression cassette with the three genes that has
now been constructed represents an excellent starting point
for direct genomic integration and enables subcloning into
the integrative plasmids of the series pRS303X, pRS305X
und pRS306X (Taxis und Knop, 2006).

A) Construction of the Expression Cassette

The starting point for constructing the expression cassette
was the plasmid p4235H7-synthEpi, 1n which the codon-opti-
mised form of epimerase was expressed from F£. coli behind
the shortened HXT7 promoter and in front of the CYCI
terminator. In order to prevent possible homologous recom-
bination between identical promoter or terminator regions,
the codon-optimised araB”*-ORF must be expressed from F.
coli between the PFK1 promoter and the FBA1 terminator,
the codon-optimised araA-ORF from B. licheniformis
between the FBA1 promoter and the PGK1 terminator. The
plasmid p425147-synthEp1 was opened before the HXT7
promoter with restriction endonuclease Sacl, streaked on an
agarose gel, and eluted from the gel. The araB™** ORF was
amplified by PCR. The PFK1 promoter and FBA1 terminator
were amplified from genomic DNA of S. cerevisiae, the prim-
ers having been selected so that a 500 bp long sequence of the
promoter and a 300 bp long sequence of the terminator were
synthesised and homologous overhangs to the plasmid
p425H7-synthEpi and to the araB™** ORF were produced at
the same time. The primer that amplified the PFK1 promoter
with the homologous regions to p425H7-synthEp1 also con-
taimned a sequence for a Pacl restriction site. The three PCR
products were transformed in yeast together with the lin-
carised vector and cloned into the plasmid via 1 vivo recom-
bination. Restriction analysis was used to verily that the
p425H7synthEpisynthKin plasmid produced had been suc-
cessiully reconstructed. The functionality of the vector was
tested. To do this, yeast transform ants that contained the
plasmids p425H7synthEpisynthKin and p423H7araABs’™
were prepared. The transformants were tested for arabinose
growth. The strain was capable of growing on a medium
containing arabinose. A yeast strain containing the vectors
p424H7synthEp1 and p423HXT7-6HIS was used as the nega-
tive control. This strain was not able to grow on the medium.

In the next step, the codon-optimised form of the 1somerase
trom B. licheniformis was mtegrated into the vector. For this,
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plasmid p425H7synthEpisynthKin was linearised with Ngo-
MV after the CYC1 terminator, streaked onto an agarose gel

and eluted from the gel. A 500 bp long sequence of the FBA1
promoter was amplified from genomic DNA of S. cerevisiae,
and the primers were selected so that homologous overhangs
to plasmid p425H7synthEpisynthKin 1 the CYC1 termina-
tor and to the ORF of the codon-optimised araA were pro-
duced. A 300 bp long sequence of the PGK1 terminator was
also amplified from genomic DNA of S. cerevisiae, 1n which
a primer had overhangs to the ORF of the codon-optimised
araA and the other primer included homologous overhangs to
plasmid p425H7synthEpisynthKin and an Ascl restriction
site.

Restriction analysis was again used to verily the successiul
construction of the plasmid p425H7synthAra, and 1ts func-
tionality was tested. The test for functionality was performed
for arabinose growth. Yeast transformants that contained the
plasmid p425H7synthAra demonstrated growth on a medium
containing arabinose. Growth curves i 5 ml SC medium with
2% arabinose were recorded. FI1G. 7 shows that the transior-
mants with vector p425H7synthAra demonstrate growth
comparable to a strain with the four original, re-1solated plas-
mids.

B) Role of Promoters and Terminators

In order to avoid possible homologous recombination
between the promoter and terminator regions, the three genes
were cloned behind different promoters and terminators. In
this context, the selection of the promoters was particularly
important. It had been found in previous research (Becker and
Boles, 2003) that the gene dose of the three genes relative to
cach other was critically important. In addition, all genes
were 10 be strongly expressed. For these reasons, the decision
was made to use the shortened HXT7 promoter, which 1s
expressed strongly and constitutively, and the promoters
PFK1 and FBA1, which are both known to promote strong
expression of genes.

C) Examples of Vectors for the Expression Cassette

The starter plasmid for the construction of
p425H7synthAra was the plasmid p425H7synthEp1, which 1s
based on the plasmid p425HX'T7-6HIS. The vector 1s a 21
expression plasmid that possesses a leucine marker.

The three arabinose metabolic pathway genes were cloned
into a vector one after the other under the control of various
promoters and terminators. The expression cassette 1s tlanked
by the recognition sequences of the enzymes Pacl and Ascl.

Other possible expression vectors are come from the series
pRS303X, p3RS305X and p3RS306X. These are integrative
vectors that have a dominant antibiotic marker. More 1nfor-

mation about these vectors 1s provided in Taxis and Knop
(20006).
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SEQUENCE LISTING

<l60> NUMBER OF SEQ ID NOS: 7

<210> SEQ ID NO 1

<211> LENGTH:
<212> TYPE:

1704
DNA

<213> ORGANISM: Artificial
<220> FEATURE:
<223> OTHER INFORMATION: Gene sequence of the open harvest frame

of araBmut out of E.

<400> SEQUENCE: 1

atggctatty

tgtgcttcty

caattctgtyg

atggaagctyg

gttggtattg

gttttggett

AacCacaccd

gttgactact

ttgcacgtta

tgtgactggg

agatgttcty

tctttetteg

gacacctgga

ggtttgccag

ggtgctggtyg

ttgattgctyg

gacggttctyg

atttacgctt

ccagaattga

gcttgggcta

agaagatctc

accgacgctc

attatggaat

attgctagaa

caaattgttyg

gctaaggttc

accttgcaac

caatgggcta

caagctgttyg

ctattggttt

gtgaagaaat

acgctccaaa

ctttgaagac

gtgttgactc

tgagaccaga

ctgttgaaga

ctagatacat

ccagacaaga

ttccagettt

ctggtcacaa

acgaattgga

ccgctgacat

aatctgttgt

ctcaaccaaa

acaagcaatc

ttgttccagy

ggttcggtag

aggctcaaat

agaacccatc

caaacgctaa

cattgttgtt

gtttcaccga

agaaccaagt

cttctgacca

acgctgacat

caagatctga

tgtctgctga

ctaccttgta

<210> SEQ ID NO 2

<211> LENGTH:
«212> TYPE:

699
DNA

ggacttcggt

tgctacctct

caaccaattc

cgttttggcet

taccggttct

attcgctgaa

agctgaagaa

tggtggtatt

ctctgetgtt

gttgtctggt

gtctttgtygg

cccaatttty

tccagttggt

tatttctggt

cgetttggtt

tgttggtgaa

tttcattggt

agttttgtcet

taacgcttct

tttggaccac

ccaaagattyg

Cggtggtttg

ccaaggtatt

tattatgcaa

atgttgtgct

tccatctgcet

acaagctcaa

acaacactac

ataa

<213> ORGANISM: Artificial
<220> FEATURE:
<223> OTHER INFORMATION: Gene sequence of the open harvest frame

tctgactcety

gttgaatggt

AdacacCcacc

gaattgtctg

accccagctc

dAacCcCadadacd

attaccagat

tactcttctyg

gctcaatctyg

accaccagac

cacgaatctt

aacagacact

accttgtgtc

ggtgctttcy

aaggttattyg

agagctgtta

ttggaagctyg

tggccattgy

caaaagcaat

ttgccagttyg

aagggtgtta

attgctgcta

gctgtcaaca

gcttgttgty

ttgggtgﬂtg

cadcdadadadda

agattcgaac

ttgccaacct

ttagagcttt

acccaagatg

caagagacta

ttgaacaaag

caattgacgc

ctatgttegt

tgtgtcacgc

aatggttctg

ctgcttettyg

cacaagacat

ggggtggttt

tgccatctcc

cagaatgggc

actgtcacat

gtacctctac

agggtatttg

gtcaatctgc

aacaattggc

tgttgccagce

ttttggactyg

ttaccgactt

ccgcetttegy

acgttatggce

acgttttgaa

ctattttege

tggcttctgce

aattgtacag

ctgctcecagce

US 8,753,862 B2

coll in one Codon optimized form

ggctgttgac
gcaaaagggt
cattgaatct
agctgetgtt
tgacggtaac
tttgtggaag
tccaggtaac
ggctaagatt
gattgaattyg
tagaagaggt
gccaccagcet
attgttcacc
tcaaagattg
gggtgctgtt
ctgtgacatt
tggtcaagtt
tttcggtgac
tgctcaacac
tttgaccgaa
gttcaacggt
gaacttggct
tgctagagcet
tttgggtggt
cagaccattg
tgctgttget
tgttgaaaag
aagataccaa

tcaagctgcet

(ORF)

60

120

180

240

300

360

420

480

540

600

660

720

780

840

500

560

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620

1680

1704

(ORF)

22



of araD out of E.

<400> SEQUENCE: 2

atgttggaayg

ttggttacct

attaagccat

attgaaaccyg

agattgttgt

gctaccattt

tacttctacy

tacgaatggy

gctcaaatgce

gaagacgctyg

agacaattgyg

agaaagcacyg

acttgaagag

tgacctgggg

ctggtgttga

gtgaagttgt

accaagcttt

gggctcaagc

gtaccattcc

aaaccggtaa

caggtgtttt

Ctcacaacgc

ctccacaatt

gtgctaaggc

<210> SEQ ID NO 3

<211> LENGTH:
<212> TYPE:

1485
DNA

23

acaagttttyg
taacgtttet
ctactctgtt
tgaaggtacc
cccatctatt
tggtcaatct
atgtaccaga
cgttattgtt
ggttcactct
tattgtttty
gccagacatg

ttactacggt

«<213> ORGANISM: Artificial
<220> FEATURE:
<223> OTHER INFORMATION: Gene sequence of the open harvest frame

of araA out of Bacillus licheniformis in one Codon optimized form

<400> SEQUENCE: 3

atgattcaag

gaagaagctg

ggtgacttga

aagttgttcg

accttctctce

cacttccaca

aacattaacc

attccaagaa

aagtggatgt

ggtgacaaca

Ctgggttggt

tctgaacaat

ggtgaagctg

Ctcttgtctt

aagcaattgc

gaaggtgact

gaaacctctt

ggttctcaca

cacccattgt

ggtccagctyg

aaggttgaag

ctaagaccca

ttcaagaagt

gattccaagt

aagaagctaa

cagctaagat

cccaattcaa

aatctgctca

aggttattgc

ctgctgetgt

tgagaaacgt

ctgttgacygy

ctttgtctga

ctagagaatc

ctggtggtta

caggtttggc

ggaagaccgc

tcatggaaga

tgttggaagt

ctatgggtgc

tcaacgtttc

ctgttaaggt

cgttttetygg

tgaagaacac

tgaatacaag

cagagacgaa

gtggattcca

cagagacatt

cggtgacaga

tggttactgy

tgcttacatt

tgctgttacc

ttacggtatt

attgatttcet

tgttaaggaa

caccgctttc

tgttcaaaga

tgetttggtt

ctacacctac

ttgtccatct

taaggacgac

tttgattgac

tccacacgac

gaagctaact

gctgttgaca

atgaccgctyg

aagaagccat

ggtggtattg

attccagcta

aagatgaccy

gaaaccttcg

cacggtccat

gaagaagttyg

caacaaacct

caataataa

ttcgttaccy

tctaagatga

gctgttgcta

gaatgtgctg

ggtttgtctg

ccatgggaca

gaatacggtt

gaagacagag

gaatctagac

gaaggtgaca

ggtgacttgyg

gaatacgaag

caagctagaa

accaccacct

ttgatggctyg

agaatgatga

cacttcgaac

attgctgaac

ccagctagat

ctgggtggta

atgccaaact
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tggctttgec

gagaaagagyd

acgacatggt

cttctgacac

ttcacaccca

ccggtaccac

acgctgaaat

aaaagcaagg

tcgcttggygyg

cttacatggyg

tgttggacaa

gttctcaaca

tttgtaacgg

cctetttgga

gtattattac

aattgaacaa

agattgacat

tcattggtgce

aagttaagag

acattaaggt

agattgaagc

tCtaccgaaat

aattgtacga

ttgaattggg

tcgaagactt

aaggttacgg
agatgatggc
caggtaacga
acaagccaag
tggttttega

gattcagatt

tgccagttgce

coli in one Codon optimized form

ddaadcacadadc

tgttttegtt

tgttgtttet

cCccaacccac

ctctagacac

ccacgctgac

taacggtgaa

tattgacgct

taagaacgct

tattttctgt

gcactacttyg

cttgtacggt

tttgaacgac

cggtgttaga

ctggatgcac

gccattgttyg

ggacttcatyg

tagattgggt

atctattgac

tgctagattce

Ccaaattcaa

taacgctgtt

atggccagaa

tttgaagaga

gcacggtatyg

ttteggtggt

tggtggtaag

aatgattttg

aattgaagtt

cggtattgcet

ggttattaac

tagagttttg

60

120

180

240

300

360

420

480

540

600

660

699

(ORF)

60

120

180

240

300

360

420

480

540

600

660

720

780

840

500

560

1020

1080

1140

1200

1260

24



tggaagccac

caccacacct

tctggtattyg

ttgaagtggt

aaccatcttt

gtttgtctta

aagctgtttt

ctgaagctgc

«<210> SEQ ID NO 4

<211> LENGTH:
<212> TYPERE:

1482
DNA

25

gagaacctct
ccaattgacc
gattaacaga

ttacagattyg

gctgaagcett

gctgaacaaa

gacaccacca

agaaagttct

<213> ORGANISM: Bacillug licheniformis

<400> SEQUENCE: 4

atgattcagy

gaagaggcddy

ggagatttaa

aaactgtttyg

acgttttcac

cattttcata

aatattaatc

attcctcgaa

aaatggatga

ggggacaaca

cttggctggt

tcagaacaga

ggcgaagcdy

tttctttega

aagcagcttc

gaaggagatt

gaaacgtcat

ggctcccaca

catccgetgt

ggtcctgegg
aaagtggaag
tggaagcctce
caccatacat
tcgggcattyg

ctcaaatgga

caaagacgca

tacaagaggt

ggtttcaagt

aagaggcgaa

cggccaaaat

cccagtttaa

agtctgccca

aagtaatcgc

gcgcageggt

tgcggaatgt

ctgtcgacygy

gtctaagcga

caagggaatc

gcggaggceta

cgggtttggc

ggaaaacggc

ttatggagga

tgcttgaagt

caatgggtgc

tcaatgtctc

ctgtgaaggt

agccgtcetcet

gcctttegta

aagcggtgtt

gtgaagctgc

<210> SEQ ID NO b5

<211> LENGTH:
<212> TYPE:

1467
DNA

tgtgttttygg

agaagagcat

cgagtacaaa

ccgggacgaa

gtggattccc

ccgggacatt

cggcgaccgc

cggatattgy

cgcatatatt

ggcggtaaca

atatggaatc

gctcatctcc

cgtcaaggag

tacggccttt

tgttcagcgy

tgcgcttgtc

ttacacgtac

gtgcccttceg

aaaggatgat

ccttattgat

tccgcatgat

gagaacatcg

ccagctgaca

gatcaatcgt

atatcggctt

tttgtgacag

tccaaaatga

gcggtggceca

gagtgcgcag

ggcctttocy

ccgtgggata

gaatacggtt

gaagacagag

gaaagccgcec

gaaggagata

ggcgatctcg

gaatatgagyg

cagycygcygda

acgacaacct

ctgatggctyg

aggatgatga

cattttgaac

attgccgaac

CCYgCyCygcC

ctgggcggac

atgccgaatc

gctgaagcegt

gccgagcaga

gatacaacga

cgcaagtttt

<213> ORGANISM: Clostridium acetobutylicum

<400> SEQUENCE: 5
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-continued

ggattttggc

tgttggactg

ttttgaactt

aataa

gcagccagca

tctgcaacygyg

cttcgcectgga

gcatcatcac

agctgaataa

aaatcgacat

ttatcggagc

aagtaaagcg

atatcaaagt

agattgaagc

tcacggagat

agctttatga

ttgagcttygg

ttgaagacct

aaggctatgg

aaatgatggc

cgggcaatga

acaaaccgag

tcgtgtttga

gtttcaggct

ttcecggtgge

ggattttggc

tgctcecgattyg

Ctttaaatct

ada

tggtggtgct
ggctgaaatyg

gagaaacgaa

tttatatggce

attaaatgac

cggcgtcaga

ctggatgcat

gccgctgcetc

ggatttcatyg

gagattgggc

ctcgatcgac

cgcccgattt

gcagattcag

caatgctgta

gtggccggaa

attaaagcgc

ccacggcatg

ctttggagga

cggcggaaaa

aatgatcctc

aattgaagtc

cggaattgca

tgtcatcaat

gcgegtactt

tggcggtgct

ggccgaaatyg

tcgcaatgaa

atgttagaaa ataaaaagat ggaattttgg tttgtagtag gaagtcaaca tttatatggt

gaagaggctt taaaagaagt aagaaaaaat tctgagacaa ttgtagatga attaaataaa

agtgctaatc ttccatataa aataatattt aaagatttag caacttctgc tgataaaata

1320

1380

1440

1485

60

120

180

240

300

360

420

480

540

600

660

720

780

840

500

560

1020

1080

1140

1200

1260

1320

1380

1440

1482

60

120

180

26



aaggaaataa

catacgtttt

cttcattttg

atgaacttac

aaaaagcata

tcagattgga

tttggtgata

caattcggat

gtaagccaag

ccaggtgaaa

ataggattaa

gatctttatg

tatggctttyg

atgactaata

aatgagaagg

ccaaaggtta

tttaatggtt

cgtttaataa

gttgctaaaa

tatgcaggtyg

gattggagtc

gatataatag

tgaaggaagt

ctccagctaa

caactcaata

atcaaagtgc

ataaagttgt

tgaaggttgc

acatgcgtaa

ggacagtaga

atgaaataaa

atgatcctgc

gaaggttctt

gaatgaaaca

cagygcgaadd

atactgctac

cattaggagc

ttgttaaacc

caacaggaaa

taaacggact

tggtatggaa

gcggacatca

gtatggtagg

dadadacaac

<210> SEQ ID NO 6

<«211> LENGTH:

493

27

taactataga
aatgtggata
taatgaaaat
tcatggagat
tgtaggatat
tgcaggatat
tgttgcagtt
ttactttggt
taaaacttat
tttctatgag
agaaaaagga
gttacctgga
agactggaaa
aggttttatg
tcatatgctt
actaggaatt
aggtgtagca
tacagcagtg
accagaacca
tacagtggtt
cttggaagct

aaaataa

gatgaagtag

gcaggtacaa

attccatgga

agagagtatyg

tggaaggata

attgcaagtyg

acadaddydad

ataggtgatt

gaagaattta

aaacaagtta

aattataatyg

cttgcagtac

actgcagctt

gaagattaca

gaagttgacc

ggagataaag

gtttcaatgc

aaaccagatyg

aacttcattyg

tcactagaat

gtaataatag

US 8,753,862 B2

-continued

caggagttat

agatattaca

aaacaataga

gatttattaa

aagaagttca

aaagcataaa

ataaagtaga

tagttgctga

aagatttata

aagaacaaat

catttacaac

aacgtttaaa

tagatagatt

catatgaact

caacttttgc

aagatccagc

ttgatttagg

aagacatgcc

aaggagttaa

taacagtaga

ataaggatac

aacttggatyg
aaaaccttta
tatggattat
tgcaagactt
aaaacaagtt
agttgcacgt
agctcaaata
aatggacaag
tattttagat
caaaattgaa
aaactttgaa
tgctgaaggc
attaaaggtt
tagtcgtgga
ttcagataaa
acgtttaatc
aacacattat
aaacctacca
atcttggatt
acaggtttat

taaattaaga

240

300

360

420

480

540

600

660

720

780

840

500

560

1020

1080

1140

1200

1260

1320

1380

1440

1467

<212> TYPE:

<213>

PRT

ORGANISM:

<400> SEQUENCE:

Met Ile Gln Ala

1

Hig

Met

Glu
65

Thr

ASP

ASp

Leu

Ile

Lys

50

2la

Phe

Pro

Arg
130

Tyr

Cys

35

Ala

Agn

Ser

Leu

Ile

115

Glu

Gly
20

Agn

Val

ATg

Pro

Leu

100

ASP

Bacillus licheniformis

Gly

2la

Asp

Ala

85

His

Met

Gly

Thr

Glu

Leu

Thr

Glu

70

Phe

ASpP

Phe

Hisg

Ala

Asn

Ser

55

Glu

Met

Hig

Phe

Tle
135

Val

Val

ASP

40

Leu

Trp

Thr

Met
120

Gly

Phe

Gln

25

Gly

ASDP

Ala

Tle

Gln

105

Agn

Ala

Trp

10

Glu

ASpP

Gly

Gly

Pro

50

Phe

Ile

Arg

Phe

Val

Leu

Val

Ile

75

Gly

Agnh

Agnh

Leu

Val

Glu

ATYJ

ATYg

60

Ile

Leu

AYg

Gln

Gly
140

Thr

Glu

Phe

45

Thr

Ser

Asp

Ser

125

Tle

Gly

His

30

Gln

Leu

Trp

Glu

Tle

110

Ala

Pro

Ser

15

Ser

Val

Phe

Met

Leu

55

Pro

His

Arg

Gln

Glu

Glu

His

80

Agh

Trp

Gly

28



Val

145

Val

ASpP

Gly

Leu

225

Gly

Gly

Thr

Gln

Lys

305

Glu

Glu

Glu

ASp

Asn

385

Ala

Ala

Leu

Ala

465

Leu

Tle

Trp

2la

Tle

210

Ser

Glu

Leu

Phe

ATrg

290

Thr

Thr

Met

His

ASp

370

Val

Val

Arg

Trp

Thr

450

Val

2la

Met

Ile
195
Gly

Glu

Ala

Glu

275

Leu

Ala

Ser

Tle

Lys

355

Pro

Ser

Glu

Val

Ile

435

Ala

Leu

Trp

Gly

Ser

Phe

180

Glu

ASDP

Leu

Ala

ATg

260

ASP

Met

Ala

Phe

Leu

340

Pro

Ala

Leu

Ala

Leu

420

Leu

Glu

Tle

Ser

2la

165

Gly

Ala

Leu

Ile

Arg

245

Phe

Leu

Ala

Leu

Met

325

Gly

Arg

Tle

Val

405

Trp

Ala

Gln

AsSn

Glu
485

«210> SEQ ID NO 7

<211> LENGTH:

<212> TYPR:
<213> ORGANISM: Closgstridium

PRT

<400> SEQUENCE:

488

v

Trp

150

Ala

ASpP

Gln

Vval

Ser

230

Glu

Leu

Hig

Glu

Val

310

Glu

Ser

ITle

Leu

ASpP
390

Gly

Met

ATrg

470

Ala

29

Glu

Val

Asn

Tle

Thr

215

Glu

Ser

Ser

Gly

Gly

295

Arg

Asp

Hig

Glu

Val

375

Leu

Val

Pro

Gly

Leu

455

AsSp

Ala

Met Leu Glu Asn Lys Lys Met

1

5

Hig Leu Tyr Gly Glu Glu Ala

20

ASP

Ala

Met

Gln

200

Glu

Val

Ser

Met

280

Met

Met

Val

360

Phe

Gly

Pro

Gln

2la

440

ASpP

Thr

ATrg

ATg
185
Leu

Tle

Glu

Gly

265

Gly

Met

Thr

Leu

345

His

ASDP

Gly

Hig

Pro

425

His

Trp

Thr

ATrg

Glu

Tle

170

Agn

Gly

Agn

Glu

Glu

250

Gly

Gln

Phe

Tyr

330

Glu

Pro

Gly

Arg

ASpP

410

Ser

His

Ala

Tle

Leu
490

Val

155

Glu

Val

Trp

A2la

Leu

235

Gln

Leu

Gly

Met

315

His

Val

Leu

Tle

Phe

395

Met

Leu

Thr

Glu

Leu

4775

ATYg

acetobutylicum

-continued

Lys Arg Ser Ile

Ser

Ala

Serx

Val

220

Ala

Thr

Pro

Gly

300

Met

Phe

Ser

Ala
280

ATYg

Pro

ATYg

Met
460

ASn

Arg

Val

Val

205

Ser

Glu

Arg

Ala

Gly

285

Glu

Ala

Glu

Pro

Met

365

Gly

Leu

Asn

Thr

Leu

445

Ser

Leu

Phe

His

Thr

190

ASP

Glu

Trp

Tle

Phe

270

Leu

Gly

Gly

Pro

Ser

350

Gly

Pro

Val

Leu

Ser

430

Ser

Gly

ATrg

Tle

175

Glu

Gly

Gln

Pro

Glu

255

Thr

ala

ASP

Gly

Gly

335

Tle

2la

2la

Tle

Pro

415

2la

Tle

Agn

US 8,753,862 B2

ASpP
160

Ser

Glu

240

Leu

Thr

Val

Trp

Lys

320

Agh

Ala

Val

Agn

400

Val

Glu

Gln

Glu

Glu
480

Glu Phe Trp Phe Val Val Gly Ser Gln

10

15

Leu Lys Glu Val Arg Lys Asn Ser Glu

25

30

30



Thr

Tle

Lys

65

His

Gln

Trp

Gly

Lys

145

Ser

Gly

Phe

Glu

225

Pro

Tle

Asn

Pro

Gly

305

Met

Leu

ASp

Gly

Thr

385

ATrg

Pro

Tle

Val

Tle
Phe
50

Glu

Thr

ASp

130

Val

ASpP

Val

ASpP

Gly

210

Tle

Gly

2la

Gly

290

Glu

Thr

Sexr

Pro

Ile

370

Gly

Leu

Agn

Glu

Val
450

Val
35

Val

Phe

Pro

Thr

115

Val

Trp

Ala

Lys

195

Tle

Agn

Glu

Tle

Phe

275

Leu

Gly

Agn

Arg

Thr

355

Gly

Tle

Leu

Gly
435

Ser

ASP

ASDP

Agn

Ser

Leu

100

Ile

Glu

Val

Met

ATrg

180

Val

Gly

Agn

Glu

260

Thr

Ala

ASDP

Agn

Gly

340

Phe

ASP

Gly

Tle

Pro

420

Val

Leu

Glu

Leu

Pro
85

Leu

Asp

Gly

Lys

165

Phe

Glu

AsSp

Thr

Asp

245

Tle

Thr

Val

Trp

Thr

325

Agh

Ala

Val

AsSn
405

Val

Glu

Leu

Ala

ATg

70

Ala

His

Met

Gly

Tyr

150

Val

Gly

Ala

Leu

Tyr

230

Pro

Gly

Agn

Gln

Lys

310

Ala

Glu

Ser

Glu

Ala

390

Gly

Ala

Ser

Leu

31

Asnh
Thr

55

Asp

Phe
Asp
Phe
135
Trp
Ala
AsSp
Gln
Val
215
Glu
Ala
Leu
Phe
Arg
295

Thr

Thr

AsSp
Asp
375

Val

Leu

Trp

Thr
455

Lys

40

Ser

Glu

Met

2la

Tyr

120

Tle

Ala

Agn

Ile

200

Ala

Glu

Phe

Arg

Glu

280

Leu

Ala

Gly

Ala

Lys

360

Pro

Ser

Thr

Met

Tle
440

Val

Ser

Ala

Val

Trp

Thr

105

Met

AgSh

ASP

Gly

Met

185

Gln

Glu

Phe

Arg

265

ASP

Agn

Ala

Phe

Leu

345

Pro

Ala

Met

Ala

Val
425

Glu

Ala

ASp

2la

Tle

50

Gln

Agn

Ala

Tyr
170
Arg

Phe

Met

Glu
250

Phe

Leu

ala

Leu

Met

330

Gly

Arg

Leu

Val

410

Trp

2la

Gln

AgSn

Gly
75

Ala

Leu

Arg

Glu

155

Ile

Agnh

Gly

ASpP

ASpP

235

Leu

Glu

ASp

315

Glu

Ala

Val

Leu

ASpP
395

Gly

Val

-continued

Leu

Tle

60

Val

Gly

AsSn

His

Leu

140

Val

Ala

Val

Trp

Lys

220

Leu

Gln

Glu

Gly

Gly

300

ATYg

ASDP

His

Tle

Ile

380

Leu

Pro

Pro

Gly

Tvyr
460

Pro Tvyr Lys

45

Lys

Tle

Thr

Glu

Gln

125

Gln

Ser

Ala

Thr

205

Val

Val

Met
285

Leu

Met

Vval

365

Phe

Gly

Asp

Glu

Gly

445

Asp

Glu

Thr

Agn
110

Ser

Glu

Val

120

Val

Ser

Tle

Gly

270

Gly

Leu

Thr

Leu

350

Agn

Thr

Glu

Pro

430

His

Trp

Tle

Trp

Tle

55

Tle

ala

His

Gln

Ser

175

Thr

ASP

Gln

Leu

Glu

255

Agn

Gln

Phe

Tyr

335

Glu

Pro

Gly

His

ASpP

415

Agn

His

Ser

US 8,753,862 B2

Tle

Met

Met

80

Leu

Pro

Hig

Agh

Val

160

Ile

Glu

ASp
ASDP
240

Gln

Leu

Ala

Val

320

Glu

Val

Leu

Ser

Tyzr

400

Met

Phe

Thr

32
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34

-continued

Met Val Gly Leu Glu Ala Val Ile Tle Asp Lys Asp Thr Lys Leu

465 470 4775

Asp Ile Ile Glu Lys Thr Thr Lys
485

The invention claimed 1s:

1. A host cell contaiming a nucleic acid molecule, which 1s
operably linked to a heterologous promoter, and which
encodes a polypeptide comprising SEQ ID NO:6 or an amino
acid sequence that 1s at least 90% 1dentical to SEQ ID NO:6;
wherein the polypeptide has an 1n vitro and/or 1n vivo pentose
1somerase function; and wherein the host cell 1s a Saccharo-
myces cerevisiae cell.

2. The host cell of claim 1, wherein the nucleic acid mol-
ecule encodes a polypeptide that 1s at least 95% 1dentical to
SEQ ID NO: 6 and has an in vitro and/or 1n vivo pentose
1Isomerase function.

3. The host cell of claim 1, wherein the pentose 1s L-ara-
binose.

4. The host cell of claim 1, wherein the polypeptide origi-
nates from a bacterium.

5. The host cell of claim 4, wherein the polypeptide origi-
nates from Bacillus licheniformis.

6. A host cell containing a nucleic acid molecule compris-

ing SEQ ID NO: 3 or SEQ ID NO: 4 operably linked to a
heterologous promoter, wherein the cell 1s a fungus cell.

10

15

20

25

Arg
480

7. The host cell of claim 6, which 1s a yeast cell.

8. The host cell of claim 6, which 1s Saccharomyces spp.,
Kluyveromyces spp., Hamenul& spp., Pichia spp., or Yar-
rowia spp.

9. The host cell, according to claim 1, wherein said
polypeptide has SEQ ID NO: 6.
10. The host cell, according to claim 1, wherein the heter-

ologous promoter 1s selected from the group consisting of the
promoters of HXT7, PFK1, FBA1, PGK1, ADHI1, TDH3 and
a truncated promoter version of HX'T7.

11. The host cell, according to claim 6, wherein the heter-
ologous promoter is selected from the group consisting of the

promoters of HXT7, PFK1, FBA1, PGK1, ADHI1, TDH3 and
a truncated promoter version of HX'T7.

12. The host cell of claim 2, wherein the pentose 1s L-ara-
binose.

13. The host cell of claim 2, wherein the polypeptide origi-
nates from a bacterium.

¥ ¥ H ¥ H



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 8,753,862 B2 Page 1 of 1
APPLICATION NO. : 12/531988

DATED :June 17, 2014

INVENTORC(S) . Eckhard Boles et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Specification

Column 1,
Line 27, “thr example” should read --for example--.

Column 13,
Line 39, “in 40ul PI” should read --1n 400ul Pl--.

Column 18,
Line 42, “plasmid p425147-" should read --plasmid p425H7- --.

Column 18,
Line 59, “transform ants” should read --transtformants--.

Signed and Sealed this
Twenty-first Day of October, 2014

TDecbatle X oo

Michelle K. Lee
Deputy Director of the United States Patent and Trademark Olffice
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